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Introduction
Biosorption, that is, the ability of biomass to sequester heavy metals and other pollutants, has been considered an alternative technique for the removal of toxic metals from industrial effluents [1] . Among the diversity of materials available, macroalgae have proved to be the most promising biosorbents for heavy metal recovery. The main mechanism of metal sorption to marine algae involves the interaction of the metal cations with the abundant sites of alginate existing in the algae [2, 3] . Therefore, the study of the acid-base chemistry of alginic acid under different ionic strength conditions is a matter of great interest in the field of biosorption, from an environmental point of view.
Alginic acid (AA) is a natural polysaccharide found in brown seaweeds (it may constitute 14 to 40% of the dry solids [4] ) that consists of linear chains of 1,4-linked β-Dmannuronic and α-L-guluronic acids [5] . Several studies [6, 7] showed that the acid properties of AA depend on the particular monomer composition.
Specific ion interaction models, such as Guggenheim, Scatchard, or Pitzer models [8] , have been successful in describing the ionic strength dependence of the proton binding properties of simple organic ligands like aminoacids [9] , amines [10] and carboxylic acids [11] [12] [13] [14] in many ionic strength conditions and different background salts.
In the case of natural polyelectrolytes, however, several factors complicate the modeling of the proton binding reactions [15] A number of papers can be found which deal with the ionic strength dependence of the protonation equilibria of polyelectrolytes. Many of them are focused on the determination of a set of thermodynamic parameters to summarize the experimental data.
Simple models have been proposed, such as Katchalsky [16] or Högfeldt [17] models, which provide successful descriptions of the polyelectrolyte titration curves, although the experimental dependence on the ionic strength of the thermodynamic parameters involved has not a simple theoretical explanation. As a result, different empirical functions have been proposed, often polynomials of the square root of I [18] , by analogy with the behaviour of simple ligands. Sammartano and coworkers [19] [20] [21] have extensively studied the application of the above-mentioned models to synthetic polyelectrolytes. In a very recent work [22] , these authors have also proposed the application of the SIT model to the protonation data of polyacrylic acid.
The available information regarding the proton dissociation of alginic acid is scarce, and only few papers dealing with salt effects can be found [23] [24] [25] . The purpose of this work is to analyze the dependence of the AA apparent dissociation constants on the ionic strength by means of two empirical functions derived from the SIT model and the GibbsDonnan theory for polyelectrolytes.
Models

Gibbs-Donnan model for a weak acid polyelectrolyte
The similarity between the acid-base behaviour of linear polyelectrolytes and that of their gel analogs has led to the hypothesis that a counterion-concentrating solvent sheath develops around the surface of the charged polyelectrolyte molecule in solution. A twophase model based on the Gibbs-Donnan formalism has been proposed to explain the properties of these substances by Marinsky and coworkers [26] [27] [28] .
From the postulates of this model, it has been shown that:
where a i is the activity of i, M represents the counterion (here, Na + or K + ), and the bar indicates an association with the water of the polymer subphase.
The proton dissociation reaction of the polyelectrolyte:
can be described by an apparent dissociation constant, K (α) , as follows:
where a H is the proton activity in the bulk solution, and α is the dissociation degree.
The Gibbs-Donnan approach defines an intrinsic equilibrium constant for the dissociation reaction in the polyelectrolyte domain, K , independent of the bulk ionic strength:
where now H a corresponds to the proton activity in the polyelectrolyte domain.
The difference between the two constants is given by (pa M -M a p ), the so-called Donnan term, which may be regarded as a partition coefficient for the counterion activity between the polymer subphase and the bulk solution:
If we refer to the corresponding stoichiometric constants, this equation becomes:
where γ H is the proton activity coefficient.
For the calculation of the Donnan term, the equilibrium of the background electrolyte, MX, between the bulk solution and the hypothetical polymer subphase must be considered:
where
and
in these equations m s represent the molality of the background salt in the bulk solution (equivalent to the molal ionic strength, I, in a 1:1 electrolyte), m p is the polymer molality, on a monomer basis, φ p is the osmotic coefficient of the salt-free polyelectrolyte, V is the total volume of the solution, s m is the molality of the salt that permeates the polymer domain, and p W represent the amount of water associated with the polymer phase (usually referred to as Donnan volume). φ p represents the fraction of counterions that effectively "escapes" from the polyion domain. Under the additivity rule of the colligative properties of simple salt and linear polyelectrolyte solutions, this magnitude is a unique function of α, and almost independent of the ionic strength [29, 30] .
In the range of ionic strengths studied, m s >> αm p φ p , due to the high background salt to monomer concentration ratios.
The Donnan term would thus be given by: If the activity coefficient quotients are assumed to be equal to unity, a simplified expression is obtained for the dependence of pK * on the ionic strength at a constant α:
In the limit of high ionic strength, where the difference in the counterion concentration between the two phases vanishes, the ratio of the ion activity coefficients is exactly equal to one and, therefore, ) = Nevertheless, a dependence of p W on both the dissociation degree and ionic strength has been reported for alginic acid [24, 25] . Thus, it would be assumed the next empirical relationship:
where W' p is used to designate the kilograms of polymer-associated water per mole of monomer.
Substituting Eq. ( 12 ) into Eq. ( 10 ) gives: 
Application of a specific ion interaction theory (SIT)
The behavior of AA in saline media has been considered according to a single ligand model. For the simple proton dissociation reaction:
the corresponding thermodynamic equilibrium constant will be given by:
where K * is the stoichiometric equilibrium constant, K T its value at infinite salt dilution and Q(γ) is the quotient of activity coefficients associated to species appearing in Eq. ( 14 ) .
According to a Guggenheim-like model for the activity coefficient of the species involved in Eq. ( 14 ), the following expression for the dependence of pK * on the ionic strength, at different degrees of dissociation, is obtained: C are parameters related to the mean ionic diameter and the specific binary interactions between species, respectively [8] .
It is assumed here that the effective charge (which determines the value of A) and the diameter of the molecule (related to B) are both independent of I, for a given value of α.
Due to the polyelectrolitic nature of AA, it is expected that an analysis of the effect of ionic strength on its acid-base behavior will lead to different values of pK T at zero ionic strength depending on the dissociation degree. Also, A, B and C in a greater or lesser extent will probably depend on α.
Experimental
Alginic acid (free acid from Macrocystis pyrifera) was purchased from SigmaAldrich, with an approximate composition of 39% of guluronic and 61% of mannuronic acid (data supplied by the manufacturer). The glass electrodes were calibrated in terms of the proton concentration at a constant ionic strength following the procedure described elsewhere [32, 33] . The calibrations were performed repeatedly for each ionic strength and electrolyte, yielding the formal potential and slope used in subsequent calculations. This method has the advantage that the junction potential and the proton activity coefficient are included in the intercept of the Nernst-type equation [34] , so minimizing the possible error due to the change in the medium composition when calibrating the electrode with standard buffers.
For the titrations, 40 or 100 mL of the sample solution (AA at 0.1% or 0.04%, respectively) were placed in the thermostatted vessel and a certain amount of acid was added to yield an initial pH value of ca. 2.5. The automatic buret and pH-meter were computer-controlled by means of a home-made software application. The titration runs were conducted at least in duplicate.
The concentration (in mol·L -1 ) of the different solutions was converted into molal units through the solution density [35] .
The values of the apparent pK at α = 0.3, 0.5 and 0.7 were interpolated from the experimental curves by means of a cubic spline calculated with Origin v.5.0 [36] . The fitting to Eqs. ( 13 ) and ( 16 ) 
Results and discussion
4.1 pK * vs. α behaviour Figure 1 shows a sample of the experimental data obtained in NaCl. The pK * vs. α titration curves show a slight shoulder in the central region of α, rather than a smooth and constant increase typical of most polyacids. This behaviour has been reported before for AA and other polyuronic acids by Cesàro and coworkers [7, 37] . These authors discuss the possible simultaneous influence of interchain disaggregation and conformational transitions on the apparent pK behaviour of these substances. Paoletti et al. [38] provided an additional interpretation of such 'bumps' in the pK (α) curves in terms of the counterion condensation theory, for polysaccharides bearing two different carboxylic groups with close pK values.
Regardless of the actual processes occurring throughout the titration, the experimental data can be analyzed by fitting them to empirical models such as the Högfeldt equation, that includes three empirical parameters, pK 0 , pK m and pK 1 :
where pK 0 , pK 1 are the limit values for α → 0 and α → 1, respectively, and pK m is an intermediate value that accounts for the non-linear behaviour of the function pK * (α) .
The Katchalsky model involves only two parameters, pK n (equivalent to pK at α = 0.5) and n:
The fitting of the experimental data to Eqs. ( 17 ) and ( 18 ) is shown in Figure 1 for two particular titrations obtained in NaCl. It can be observed that the three-parameter function describes much better the shape of the titration curve than the two-parameter equation.
From the results obtained, it seems that ionic strength is a more important factor in the apparent equilibrium constant than the dissociation degree (for 0.2< α < 1). In fact, the observed values of the slope parameter n in Eq.( 18 ) are relatively small, lying in the range between 1.4 and 1 (the theoretical value for a monomeric acid), and decreasing as ionic strength increases. Polyacrylates, for instance, show values of n between 2.2 and 1.2 in solutions of alkali metal chlorides and nitrates of concentrations between 0.1 and 3 mol·L -1 [22] .
In theory, the value of the intrinsic equilibrium constant in the Gibbs-Donnan model could be assessed from the extrapolation of the different pK * (α) curves to α = 0. This is the method usually employed in the work of Marinsky and cols. [27] . It is based on the assumption that at α = 0 no charge in the macromomolecule is expected, and therefore the difference between the counterion activities in both phases becomes zero. From Eq. ( 6 ) it can be deduced that:
The stoichiometric constants must be corrected for the medium effect on the activity coefficients in order to obtain the thermodynamic constants. Once the correction is applied, the curves obtained at different ionic strengths should converge in the limit α → 0.
In practice several factors complicate this procedure. The Donnan model predicts a steep change in pK * (α) at low α values [27] . However, the limitations of the experimental technique (interference of the liquid junction potential on the glass electrode measurements at low pH) hindered the experimental acquisition of data below α = 0.2. In addition, the uncertainties in the slope and formal potential of the glass electrode make the error in pK to increase as α decreases. Therefore, the data obtained did not allow to make a reliable extrapolation.
In literature, the extrapolation to α → 0 is often made using a graphical method (see for instance [24] ), rather than using a fitting function to estimate the pK value at α = 0. The large uncertainties involved in such extrapolation are evident.
Jang et al. [25] did not found a clear convergence of the AA titration curves.
Instead, they estimated the intrinsic pK assuming that at a sufficiently high ionic strength all the polyelectrostatic effects are screened. In the case of the present work, this is supported by the fact that the mean slope of the pK * (α) curves decreases as I increases, reaching its lowest value at the highest ionic strength (see the fits to Eq. ( 18 ) in Figure 1 ).
The discussion about the convergence presumes the deviations from the intrinsic constant to be due exclusively to the variable macromolecular charge. However, AA is a natural material with some degree of heterogeneity, and this probably contributes to the shape of the curves. In a greater extent, this effect has been observed in purified peat [39] .
Estimation of the amount of water associated with the polymer phase
In order to derive an analytical expression of pK . The values of φ p were taken from bibliography [29] , taking into account that the difference between the osmotic coefficients of sodium and potassium alginate can be considered negligible [44] . The results of the calculations for AA in KNO 3 are shown in Figure 2 . Some data for AA in NaCl taken from bibliography [24] Table 2 . The fitted functions show a remarkable coincidence between the two electrolytes and provide a satisfactory support for the use of Eq. ( 12 ) . It is interesting to note that a similar trend in the Donnan volumes has been reported in a study of the proton binding to seaweed biomass [43] .
It must be pointed out that when no independent experimental measurements of the specific volume are available, a certain degree of ambiguity in the definition of the electrostatic model may exist [40] , and therefore different models for the Donnan volume may lead to equally satisfactory fits of the experimental data [43] . In fact, Eq. ( 20 ) would lead to an expression formally identical to Eq. ( 13 ), but with a different expression of D' (α) . Once again, the empirical nature of Eq. ( 13 ), which is proposed only as a useful expression to describe the behaviour of pK * , must be highlighted.
Ionic strength dependence
The pK * values interpolated at α = 0.3, 0.5 and 0.7 are plotted in Figure 3 together with the fits according to Eqs. ( 13 ) and ( 16 ) . The fitted parameters are summarized in Table 1 (SIT) and Table 2 (Donnan).
It can be noted that a good fit was obtained using Eq. ( 16 ) has already been studied in the analysis of the dissociation equilibria of simple ligands [45, 46] . This problem may be expected for this type of ill-defined functions, when the number of experimental points is low, as it has been shown in the above-mentioned works.
However, it must be pointed out that the analysis of salt effects using less than ten different ionic strength values is commonplace in most (not only potentiometric) works.
It must also be noted that the highest errors are obtained with AA in KNO 3 , where no minimum in pK * (α) was found within the investigated range of ionic strengths. The presence of a minimum in NaCl, suggested only by the data at the highest ionic strength, entails the use of the linear term in Eq. ( 16 ).
The differences in pK * between both electrolytes, although relatively small, taking into account the reproducibility of the data, follow the trend K + >Na + , according to the different complexing ability of the alkali metal cations towards carboxylates [18] .
An increase in the parameters A and pK T on increasing α is observed (Table 1) , which might be explained by the growth of the negative charge of AA as the titration proceeds. Moreover, the increasing trend in B, parameter associated to size, (see Table 1) may be accounted for by the repulsion among negative charges of AA.
In a recent paper regarding the AA dissociation in different sodium salts, Fukushima et al. [23] proposed the application of a Debye-Hückel electrostatic model equivalent to Eq.
( 16 ) with C = 0. Their study was restricted to the analysis of pK n (Eq. ( 18 )) at ionic strengths ≤ 1 M, and no clear evidence of a minimum in pK * (α) was found. The average charge reported in this work (z(α=0.5) = 50 for AA in NaCl) is of a similar order of magnitude than the parameter A listed in Table 1 . However, the errors in the parameters are not mentioned by the authors, which makes a precise comparison difficult. They calculated independently a value of 9.6 for the B parameter, from an estimate of the AA molecule radius. This result agrees quite well with the value listed in Table 1 .
The Gibbs-Donnan approach has already been applied to the interpretation of the acid dissociation of alginic acid [24, 25] , although an explicit function to describe the influence of the ionic strength on the dissociation constant has not been reported. These Figure 3 ). In addition, this model seems to avoid the presence of multicollinearity and, consequently, the errors in the optimized parameters are smaller (see Table 2 ). On the other hand, it does not reflect the presence of a minimum in pK * insinuated by the results in NaCl shown in this work.
In contrast to the SIT model, the Gibbs-Donnan approach can also be used for the simultaneous description of the dependence of pK * on I and α, provided that the variation of ( )
is properly accounted for [43, 47] .
Conclusions
SIT and Gibbs-Donnan models have been applied to the study of the ionic strength influence on the proton dissociation of AA in NaCl and KNO 3 
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